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ages from the footwall of the Livingstone fault can be related to the adjacent 24 depocenter evolution and across a relay zone between two palaeo-fault segments. 25
Our data are complimented by published apatite fission-track (AFT) data and reveal 26 significant variation in rock cooling history along-strike: the center of the footwall 27 yields younger cooling ages than the former tips of earlier fault segments that are 28 now linked. This suggests that low-temperature thermochronology can detect fault 29 interactions along strike. That these former segment boundaries are preserved within 30 exhumed footwall rocks is a function of the relatively recent linkage of the system. 31
Our study highlights that changes in AHe (and potentially AFT) ages 32 associated with the along-strike displacement profile can occur over relatively short 33 horizontal distances (of a few kilometers). This is fundamentally important in the 34 process leads to the vertical exhumation of rock through the footwall over time, andshould be a function of the amount and rate of displacement both across and along 48 strike of the fault at a first order, modified by any climatically driven variation in 49 exhumation. The amount and rate of displacement along individual normal-faults 50 within developing fault arrays evolves in a predictable manner (e.g., Walsh Here, we apply apatite (U-Th)/He dating to the segmented border fault system 126 of the Karonga Basin of the Malawi Rift, East African Rift System (EARS; Figure 2) . 127
The structural evolution of the Karonga Basin is well constrained from previous 128 studies that utilized seismic reflection data (Mortimer et al., 2007) . Based upon the 129 distribution of depocenters, the pattern of border fault evolution through the linkage 130 of fault segments, and the presence of a relay zone has been established. Here, we 131 investigate whether this established evolution of the border-fault array is reflected in 132 the footwall AHe cooling ages. Specifically, we aim to determine whether variations 133 in AHe ages exist at similar elevations along-strike, reflecting fault segmentation. In 134 contrast to other studies that have looked to reveal fault segments through AHe 135 analyses, we know the segmentation history and do not rely upon footwall 136 morphology. Instead we evaluate whether the known variations in the spatio-137 temporal displacement distribution are recorded in the exhumational cooling of the 138 footwall. 139
Geologic setting 140
The EARS (Figure 2 ) comprises two geologically distinct, and strongly 141 contrasting branches; the largely amagmatic western and magmatic eastern 142 branches passing either side of the Tanzania Craton, an area of regional doming 143 (Wichura et al., 2015) , and superimposed upon existing Proterozoic mobile belts 144 (McConnell, 1972; Shackleton, 1993 The Malawi Rift is in the southernmost rift of the western branch of the EARS 160 and the Karonga Basin refers to the northern lake-filled basin within the rift (Figure  161 2). It is bounded to the east by a large (>90 km long) crustal-scale normal-fault, the 162 Livingstone fault, with >2000 m of footwall relief (relative to lake level); the fault 163 accommodates >4 km of sediments in its hanging wall beneath the deep (up to 600 164 m) Lake Nyasa (Figure 2 ). The basin fill and border-fault architecture has been well 165 documented from seismic reflection data (Rosendahl, 1987; Ebinger et al., 1993, 166 1987; Scholz, 1989; Mortimer et al., 2007) . The sedimentary fill of the hanging wall 167 comprises three depositional sequences (Scholz, 1989; Ebinger et al., 1993; The border fault consists of three segments: the northern, central and 171 southern segments (Figure 2 ). The tips of the central and southern segments overlap 172 where there is a notable step in the shoreline, corresponding to a relay structure, 173
close to the village of Lupingu (red star on Figure 2b ). This relay is adjacent to the 174 deepest portion of the modern-day Lake Nyasa. The northern and central segments 175 linked to form a continuous structure early in the basin history, and the 176 corresponding segment boundary is marked by a small step in the lake shoreline 177 (Figure 2 ; Mortimer et al., 2007) . At the top of the Livingstone escarpment is a 178 broad, high-elevation (>2000 m) plateau region ( Figure 2) . 179
In addition to the existing seismic studies on the basin, we utilize a 180 reprocessed dataset of the PROBE (Scholz, 1989) survey to better constrain the 181 location of the offshore fault tip of the southern fault segment. A monocline located 182 along strike of the southern segment, with growth strata adjacent to it, pinpoints the 183 location of the fault tip ( Figure 2 ) and defines the 6 km wide relay zone between the 184 two fault segments. This monocline developed late during the deposition of 185 Sequence 2 (post 2.3 Ma), recently in the border-fault evolution. This implies that 186 mechanical linkage occurred relatively recently. Determining the location of the fault 187 tip for the central segment within this relay zone relies upon footwall relief from the 188 SRTM data. 189
Evolution of the Livingstone fault 190
The evolution of the border fault has previously been established (Mortimer et into the hanging wall of this breaching fault as the depocenters migrated towards the 210 relay zone (Mortimer et al., 2007) . At this time, the fault tip of the central segment 211 was captured into the hanging wall of the through-going fault (scenario C Figure 1) . 212
The cumulative displacement along the border fault (Figure 3iv ) shows time to 213 basement ranges from 2600 to 4000 ms two-way travel time (twt). Evident from this 214 is the segmentation along the fault that existed during the deposition of Sequence 1. 215
This sequence accrued significant displacement, and combining the total 216 displacement through each stage is still reflected in the cumulative throw today 217 (Figure 3i-iii) . The greatest amount of offset of the basement is adjacent to the 218 central segment. The total displacement adjacent to our samples in the northern andcentral segments is similar overall. What this cumulative throw does not highlight is 220 that the greatest, and probably most rapid, displacement occurring in the most recent 221 history to the present-day, corresponds to where the lake is deepest (the deepest 222 depocenters being created in the final stages). This is located adjacent to the relay 223 zone and toward the southern segment (Figure 2b ). These patterns of fault evolution 224 and hanging wall subsidence can be considered to reflect where the greatest amount 225 and rate of associated footwall uplift and exhumation were likely to have been 226 occurring through time; the depocenter distribution thus can be utilized as a proxy for 227 fault controlled footwall exhumation patterns in the absence of footwall markers for 228 absolute displacement (Figure 3i uncorrected ages and corrected ages of our samples are reported in Table 1 . Age 271 reproducibility was variable (Table 1) , as a result weighted mean ages with 272 appropriate error propagation which takes into account repeat grain-age variance are 273 reported (Table 2) The weighted mean AHe ages (Table 2 ) range from 2.1 ± 1.3 Ma to 197.4 ± 2.7 302
Ma with the age distribution consistent with the distribution of sampling both along 303 fault strike and from a near-vertical profile from the top of the plateau to the base of 304 the escarpment (Figures 3 and 4) . Cenozoic ages occur closest to lake level while 305 the oldest ages (e.g., TAN 10: 197.4 ± 2.7Ma) were determined for samples from the 306 plateau, and at an elevation greater than 1500 m (TAN 14). To the south, the 307 youngest ages are from samples located toward the center of the central fault 308 segment (TAN 17 = 12.5 ± 7.5 Ma and TAN 18 = 7.1 ± 3.2 Ma). TAN 16 (29.7 ± 1.2 309 Ma), the oldest lake-level sample, is located close to the fault tip. TAN 20 (21.6 ± 9.2 310 Ma), located within the relay zone and at 673 m elevation, yields a similar age to 311 TAN15 (22.5 ± 3.4 Ma) from the southern segment at 1270 m elevation. The 312 youngest age, TAN 7 (2.1 ± 1.3Ma), is reported from the northern segment, and is 313 considerably younger than the other adjacent Oligo-Miocene ages reported. TAN 3 314 (14.2 ± 1.1 Ma) is within reported error of TAN 9 (12.1 ± 3.5) close to the center of 315 the northern segment at lake level (Figure 4 ). In a predicted fault profile of displacement along fault strike (sensu Gupta et al., 405 1998), the center of an isolated fault will experience more rapid footwall exhumation 406 than the tip of a fault, as this is where displacement is greatest. Therefore, rocks in 407 the center of the fault segment will begin vertical exhumation earlier and more rapidly 408 than those at the fault tip ( Figure 6 a and b; stages 1 and 2) . 409
Faults rarely grow in isolation, but interact along strike leading to a skew in the 410 profile in such a way that the displacement (and exhumation) rate increases toward 411 the overlapping fault and relay zone as the fault segments become linked and 412 effectively become an integral part of the full length of the through-going structure. 
Conclusions 501
The age-elevation relationship of our data from the Livingstone fault, Malawi, 502
shows that important, regional-scale cooling associated with Cenozoic rifting 503 commenced at ~23 Ma, slightly later than the Rukwa Rift to the north. This is 504 significantly earlier than the onset of volcanics (Ebinger et al., 1993) and previously 505 proposed rift onset; but is in agreement with proposed rapid Cenozoic exhumation 506 since ca. 20 Ma based upon existing AFT cooling ages (van der Beek et al., 1998). 507
Our data show that low-temperature (AHe) thermochronology does record 508 segmentation of the Livingstone border fault, Malawi. This fault segmentation is 509 recorded by along-strike variations in AHe ages that show protracted cooling atThe AHe age distribution does not reflect the present-day fault configuration of 512 the Livingstone fault, which experiences the maximum displacement in and close to 513 the relay zone, but instead records the fault segmentation from earlier in the basin 514 history. 515
There is a significant lag between fault interaction, linkage, rapid uplift at any 516 given location, and the vertical exhumation of rocks from the PRZ to lake-level that 517 reflect that interaction. The relatively recent linkage (~1.6 Ma) of the central and 518 southern segments of the Livingstone fault emphasizes that older fault segmentation 519 is more likely to be preserved than in older linked systems. 520 521
ACKNOWLEDGEMENTS 522
The authors thank Peter van der Beek for providing AFT data, and many 523 Figure 1 . Table 2 Click here to download Table: mortimer et al table 2.docx 
